This paper gives a detailed numerical study of the superconducting electronic heat transport in the unconventional multiband superconductor Strontium Ruthenate Sr2RuO4 . The study demostrates that a model with different nodal structures on different sheets of the Fermi surface is able to describe quantitatively experimental heat transport data. The contribution of the density of states DOS is given for each sheet of the Fermi surface and the total contribution is also calculated. Finally, a discussion of the universal character of the electronic heat transport in unconventional superconductors and its relation to the DOS based on the type of nodal structure of the superconducting gap in Sr2RuO4 is given.
I. INTRODUCTION
It is believed that Sr 2 RuO 4 , a multiband superconductor with a Fermi surface composed of three sheets, (called the α, β and γ sheets), is an unconventional superconductor with some kind of nodes in the superconducting gap 1, 2 . For instance, a number of theoretical works [3] [4] [5] [6] [7] have predicted the existence of line nodes on two of three sheets of the Fermi surface (α and the β sheets). While, many authors take the γ sheet to be nodeless, these works have been able to provide an agreement with the specific heat C(T ) 8, 9 , electronic heat transport experiments κ(T ) 10 , and recently with ultrasound measurements α(T ) as well. However, the existence of a nodeless gap for the γ sheet contradicts the nodal activity observed in ultrasound measurements below T c in Sr 2 RuO 4 11 . Firstly, the anisotropy inherent to the k dependence of electron-phonon interaction shows that γ sheet dominates ultrasound attenuation for L[100], L [110] , and T[110] sound modes. Secondly, these modes show very similar temperature power law behavior below T c ; therefore the γ sheet should also have a similar nodal structure.
The sound attenuation α(T ) in Sr 2 RuO 4 can distinguish the nodal structure of the γ sheet from that one of the α and β sheets. In contrast, electronic thermal conductivity and specific heat have an integral effect (the three sheets contribute to κ(T ) and C(T )), and it is very difficult to discern if the order parameter in each of the Fermi sheets has similar nodal structure. So far, to summarize there is a considerable consensus as to the unconventional behavior 1,2,13 , and the symmetry of the superconducting gap 14 , and probably also, to the multiband nature of the superconducting state, nevertheless certainly there is as yet no agreement as to the nodal structure of the superconducting gap on the different sheets of the Fermi surface.
It has been proposed a model based on symmetry considerations 12 , which explains the temperature behavior of the ultrasound attenuation for the L[100], L[110], and T[110] sound modes. According to this model, the γ sheet shoud have well-defined point nodes, and the β and/or α bands could have also point nodes, but with an order of magnitude smaller than for the γ band and resembling lines of a very small gap. The purpose of this article is to apply, the model found in reference 12 to the study of the electronic heat transport of Sr 2 RuO 4 . Sr 2 RuO 4 has a body centered tetragonal structure with a layered square-lattice structure similar to that of many high temperature copper-oxide superconductors 1 . The critical temperature T c varies strongly with non magnetic impurity concentration, T c ≈ 1.5 K for pure samples. The normal state displays Fermi liquid behavior 2 . According to some authors 14,15 the symmetry of the gap structure is believed to be a time reversal broken state, with the symmetry transforming as the two dimensional irreducible representation E 2u of the tetragonal point group D 4h . Additionally in reference 17 the order parameter of Sr 2 RuO 4 was proposed according to a novel mechanism due to antiferromagnetic fluctuations.
II. MODEL FOR THE SUPERCONDUCTING GAP STRUCTURE
As I mentioned before, the gap model proposed in reference 12 is extended here for the study of the electronic heat transport. The assumption of a superconducting order parameter according to symmetry considerations, where according to the two dimensional irreducible representation E 2u of the tetragonal point group D 4h , it yields the form
where the explicit expressions I use for d
and 11 . For this model, the nodal structure of the γ band predicts eight symmetry-related nodes for k, lying on the symmetry equivalent {100} planes (see Fig. 1 ) and also eight symmetry-related nodes in {110} planes for the γ sheet as well. The nodal structure of the order parameter for the β and/or α sheets yields to eight symmetry-related nodes for k, lying on the symmetry equivalent {100} planes (see also Fig. 1 ) and also eight symmetry-related nodes in {110} planes. All point nodes are "accidental" in the sense that they are not required by symmetry, but exist only if the material parameters δ γ and δ β/α have values in a certain range.
III. ELECTRONIC HEAT TRANSPORT
In order to calculate the electronic heat transport or thermal conductivity for an unconventional superconductor, a standard formalism previously reported 19 is extended here to account for tight binding effects. For this purpose, the incorporation of tight binding effects for the nodal structure and the Fermi surface is the most important. A self-consistent calculation of the gap function and of the energy-dependent impurity scattering rate is beyond the scope of this article, this leads to the approximation where the interband scattering effects are totally neglected.
Recent induced impurity scattering measurements 23 of the thermal conductivity for temperatures close to 100 mK, have shown a remarkably universal character of the electronic heat transport in Sr 2 RuO 4 . It has been suggested 23 that Sr 2 RuO 4 is in the unitary impurity scattering regime. In addition to this, some time ago it was suggested the idea 21 that the transport properties of heavy-fermion superconductors can be explained in terms of an effective electron scattering rate which, except for the lowest temperatures is approximate temperature independent and equal in magnitude to that of the normal state. Such a lifetime arises in a self-consistent treatment of impurity scattering near the strong regime.
Thus, in the proposed not self-consistent treatment, we take the impurity scattering superconducting quasiparticle lifetime τ i n to be equal to the impurity scattering predicted for the unitary limit in the normal state. 
here the constant I = 6/(π 2 T c ), j refers to one of the two basal directions [100] and [110] and i labels the sheets on the Fermi surface. A i j ( ) is given by
The gap ∆ Fig. 2 The total κ gives an excellent agreement with the experimental data. This experimental data is for pure samples with T c ≈ 1.44 K. Contributions from each band are also calculated. Fig. 2 shows that lines of very small point gaps on the β and/or α sheets could dominate the behavior of the electronic thermal conductivity at low temperatures. On the other hand, point nodes on the γ sheet give an insignificant contribution at low temperatures. This shows in principle that the electronic thermal conductivity in Sr 2 RuO 4 is an integral effect where, in contrast to sound attenuation, the contributions for all the bands are needed in order to explain the experimental data.
It is important to notice that although the nodes in the proposed model are both point nodes, the low temperature properties of the nodal structure for the β and/or α sheets have some of the properties of line nodes, as there is a very low gap along the line joining the nodes. Hence, the result match the one provided by horizontal line nodes as is the case of the Zhitomirsky-Rice model 3 . However the fit in Fig. 2 provides in principle, a strong support for the essential features of the order parameter symmetry model of reference 12 . Due to the importance of anisotropy tight binding effects, I also consider worth to calculate κ for the [110] direction, finding that there are no crucial differences between the calculation for any of the two directions; even in the case when anisotropic effects are included. This proves that the κ(T ) dependence on T (in contrast to the sound attenuation) is in overall equally dominated from contributions coming from all the sheets and explains the apparent line nodes behavior of κ where the β and α sheets give a major contribution.
IV. DENSITY OF STATES AND UNIVERSAL BEHAVIOR OF THE ELECTRONIC HEAT TRANSPORT
Next, I attempt to give a qualitative analysis of the universal behavior of the superconducting electronic thermal conductivity according to this model. First, a numerical calculation of the density of states DOS in the superconducting state of the γ and β sheets is performed. The numerical calculation of the DOS is made with the equation The numerical calculation of the DOS is shown in Fig. 3 . For the β and γ sheets Fig. 3 shows that for the low energy Bogoliubov excitations the DOS in the β sheet behaves linearly in energy, as it is predicted for line nodes. On the other hand, the γ band shows a quadratic behavior in energy, as it is expected for a superconducting DOS with point nodes. Also from Fig. 3 it can be noticed that the zero temperature gap amplitude for the γ band is larger than the one for the β band.
In order to elucidate the universal behavior in κ from the symmetry model, an intuitive approach which was found to be successful in reference 20 will be used below. It is noticed that a more general theoretical analysis as the one developed for the universal behavior of the sound attenuation in 18 can be performed easily here. I show that it is possible to provide the main results in the case of a multiband superconductor. I start with a simple expression for the expected low energy dependence of the DOS where the nodal points (the points where the Bogoliubov quasiparticle's energy is zero) determine the low temperature thermodynamic properties.
As it was noticed previously, the largest material parameter δ γ gives rise to a well defined point-nodes topology for the order parameter in the γ band, therefore as shown in Fig. 3 , a qualitative behavior of the DOS yields the following expression for the density of states of the γ-sheet
On the other hand, the material parameter δ β gives rise to a line of very small point nodes on the β sheet and it can be approximated by the following expression
where ∆ γ 0 and ∆ β 0 are the maximum gaps for each Fermi sheet. Close to the strong scattering regime and approaching the universal limit, I generalize the results of reference 20 to the case of a two gaps superconductor. In 20 it is supposed that the low lying Bogoliubov excitations acquire an imaginary part −→ + i Γ. These excitations posseses an energy independent life time τ = 1/2Γ and because of the energy uncertainty principle, the low energy quasiparticles have a spread in energy of the order of Γ which is called the zero energy scattering rate 18 . Therefore, close to the unitary limit the DOS for both sheets is given by
and
where Γ γ and Γ β are the spreads in energy for the γ and β sheets. The low temperature specific heat c V associate with the constant DOS at low energies and temperatures T ≤ Γ and for both sheets is given according to 20 by
where k B is the Boltzmann constant. This way a simple estimate of the bulk electronic thermal conductivity at low energies and for both sheets in the limit of the universal behavior (at temperatures T ≤ Γ) is given by the generalization of equation in reference
with l γ = v F,γh Γγ and l β = v F,βh Γ β the mean free paths for both sheets. Finally, I found the electronic heat transport in the limit of the universal behavior to be
A numerical evaluation of the previous equation can be performed by using the values for the Fermi velocities v F,β = 95.9 Km/seg and v F,γ = 59.5 Km/seg according to 2 , the values for ∆ γ 0 and ∆ β 0 given previously in this paper, and the values of the DOS at the Fermi level of reference 2 . For the spread in energy in the unitary limit, I take a very simple approximation Γ γ ∼ ∆ γ 0 following the appendix of reference 18 . Therefore, I find the bulk thermal conductivity for this two sheets model approximately equal to κ theoretical /T ≈ 0.8 W/K 2 m and which is lower than the experimental value found in reference 23 of κ experimental /T ≈ 1.7 W/K 2 m.
V. FINAL REMARKS
It is found that with two different gap structures characterized in the γ, β and/or α sheets by point nodes of different magnitude, the calculation of the temperature behavior of the superconducting electronic heat transport κ(T ) leads to an excellent agreement with the existent experimental data 22 . These results also show that in contrast to the ultrasound attenuation α(T ), which is able to identify different nodal structures in different bands, there is not relevant anisotropy for the quantities κ [100] and κ [110] . This makes difficult to identify the nodal structure in Sr 2 RuO 4 from electronic thermal conductivity data. Finally, the numerical calculation of the DOS for each sheet, allows us to qualitatively estimate the value of the universal limit for the electronic heat transport to be lower than the value observed experimentally in reference 23 .
